Abstract: This paper presents the design and control methods of a single-phase bidirectional on-board charger (OBC) using a hybrid starter generator (HSG) and an inverter in a hybrid electric vehicle (HEV). In an HEV, there are a number of components, including the combustion engine, transmission, traction motor, motor controller, OBC, and HSG system. The proposed design reconfigures the HSG system to provide battery-charging capability instead of a conventional OBC based on the use of additional power relays. As a result, the number of power converters is effectively reduced through the replacement of the conventional OBC, and, thus, the power density is increased. This paper also proposes a control method for enabling not only battery charging but also a reactive power support depending on the grid command. Compared with a conventional reactive power compensation method, the proposed method has an advantage because it is located near the principal reactive power source. The simulation and experimental results verify the validity and feasibility of the proposed bidirectional OBC design and its control methods.
Introduction
With growing concerns regarding environmental contamination and global warming, a principal conversion of innovative technology has occurred, moving from conventional internal combustion engine (ICE) powered vehicles to more energy-efficient vehicles, including electric vehicles (EVs) and hybrid EVs (HEVs). Typically, ICE-powered vehicles have certain disadvantages, such as low driving efficiency and excessive emissions of environmental pollutants. However, there are still technical limitations to the active use of pure EVs, including a lack of charging infrastructure and a limited driving range owing to low battery performance. As a result, HEVs can be a compromise compensating the limitations of conventional ICE-powered vehicles and EVs [1] [2] [3] [4] [5] . Accordingly, many studies regarding a more efficient driving style for HEVs, such as exploiting the essential configuration of the vehicle, have been conducted globally [6] [7] [8] [9] [10] .
Owing to the use of dual power sources, HEVs are composed of various mechanical and electrical components, such as a combustion engine, electrical traction motor, transmission, battery, power converters, and battery charger (OBC). In addition, HEVs include a hybrid starter generator (HSG) system composed of the HSG and its drive inverter for starting the engine from an idle stop and eliminating exhaust gas emissions when the vehicle is stopped temporally [11] [12] [13] . Furthermore, the HSG system is also used to charge the battery through the use of regenerative braking, which converts the kinetic energy of the vehicle into electric energy [14] .
There are various circuit configurations and control strategies for the battery charging [15] [16] [17] . In this paper, a novel integrated charging circuit is proposed. The circuit of the HSG system is reconstructed through the operation of relays and an additional circuit as shown in Figure 1 . Thus, the HSG system provides a conventional operation and bidirectional OBC by changing the switching states of the relays. The proposed circuit design substitutes for the conventional OBC, and, thus, the conventional OBC can be eliminated from the HEV. As a result, the integrated charging system results decrease of the required volume and weight of the entire system along with the manufacturing costs for the power components. The reduction in components implies an increase in power density. Because most vehicles are parked for more than 85% of their lifespan, studies are being actively conducted on utilizing the OBC of an HEV and the battery storage [18, 19] . In general, many of these studies have concentrated on a conventional bidirectional OBC, which only allows an active power flow from the grid to vehicle (G2V) and vehicle to grid (V2G). In contrast, we propose a control method for charging the battery and compensating the reactive power simultaneously through the use of the modified HSG system. Compared with conventional methods for compensation of the reactive power, the proposed reactive power control method is suitable and efficient for the residential charging of the HEV because the vehicle is located next to the residential area.
By increasing the number of distributed generation systems, the problems from the DC offset and low-order harmonics in the grid current become more severe. The DC offset component saturates the distribution transformers, resulting in waveform distortion, excessive losses, and overheating [20, 21] . In addition, low-order harmonics affect the capacitor bank failure, over-voltages, and aggravation of the control performance [22, 23] . Therefore, the proposed control method includes a DC offset and low-order harmonics compensators for improving the quality of the grid current. The DC offset component and low-order harmonics are extracted through a coordinate transformation without the use of additional sensors and are effectively eliminated.
The simulation and experimental results verify the validity and feasibility of the proposed single-phase bidirectional OBC design and its control method. A practical experiment was conducted using a 6.5 kW rated single-phase bidirectional OBC prototype.
Proposed HSG Circuit and Operating Mode
In general, a conventional HEV consists of an HSG, its drive inverter, battery, and OBC. A separate system configuration causes an increase in the system volume and weight, leading to a reduction in the power system density of the overall system in the HSG. Figure 1 shows the proposed integrated circuit configuration enabling the battery charging functionality of the conventional OBC as well as the motor drive using the HSG system. The proposed power conversion circuit consists of six insulated gate bipolar transistor (IGBT) modules, a DC-link capacitor, a battery capacitor, an HSG, and seven power relays. Tables 1 and 2 show the volume of the components constituting the conventional HEV and the proposed circuit, respectively. These measured parameters are based on the prototype hardware setup, which was built for this study.
In the case of a conventional HEV, each volume is twice that of the proposed circuit because there are two power converters, namely, a motor drive inverter and an OBC. Although a conventional circuit does not require a DC-link capacitor, the volume of the entire system is 6.295 L. Because most vehicles are parked for more than 85% of their lifespan, studies are being actively conducted on utilizing the OBC of an HEV and the battery storage [18, 19] . In general, many of these studies have concentrated on a conventional bidirectional OBC, which only allows an active power flow from the grid to vehicle (G2V) and vehicle to grid (V2G). In contrast, we propose a control method for charging the battery and compensating the reactive power simultaneously through the use of the modified HSG system. Compared with conventional methods for compensation of the reactive power, the proposed reactive power control method is suitable and efficient for the residential charging of the HEV because the vehicle is located next to the residential area.
In the case of a conventional HEV, each volume is twice that of the proposed circuit because there are two power converters, namely, a motor drive inverter and an OBC. Although a conventional circuit does not require a DC-link capacitor, the volume of the entire system is 6.295 L. In contrast, the proposed circuit includes half the power components of a conventional circuit, and the total volume is only 4.480 L despite the installation of a power relay, relay board, and a DC-link capacitor. Consequently, the proposed circuit results in a 28% reduction in the volume of the power components. It represents an increase of the power density of about 40% in unit volume. In addition, the manufacturer might save on manufacturing costs by a reduction in production items because the conventional OBC is not needed in the proposed system.
HSG Drive Mode
In the proposed integrated circuit, two different circuit for HSG drive and battery charging mode are configured in accordance with the states of relays as shown in Table 3 . Figure 2a ,b show the circuit configuration for different operating modes according to the switching state of the relays. As shown in Figure 2a , the circuit for the HSG drive mode is composed of a battery, a three-phase inverter, and an HSG. When Relay 06 is turned on, the electric energy of the battery is supplied to the three-phase inverter. In this mode, six semiconductors are utilized to configure the conventional three-phase two-level inverter. The DC voltage and current of the battery are converted into AC voltage and current using the three-phase inverter. Relays 03 and 04 are turned on to supply the three-phase AC current to the HSG.
The proposed circuit configuration is also used for regenerative braking. When the vehicle decelerates, the kinetic energy of the vehicle is converted into electric energy using the HSG and three-phase inverter, and the electric energy then charges the battery. Both operations are the same as in a conventional HSG operation.
Bidirectional OBC Mode
The circuit for the bidirectional OBC mode is constructed by reconfiguring the three-phase inverter and HSG, as shown in Figure 2b . To charge the battery, a three-phase inverter is reconstructed into a single-phase full-bridge AC-DC converter and a DC-DC buck converter. In addition, the winding of the HSG is used as a filter inductor of the DC-DC converter. The equivalent inductance of the filter inductor is 1.5 times that of a single winding in the HSG through the turning on of Relay 05. The proposed power flow control method is achieved when other relays expressed in Figure 2b are turned on. When Relays 01 and 02 are turned on, the single-phase grid system and AC-DC full bridge converter are connected. In addition, Relay 07 is turned on to connect the DC-DC buck converter and the battery. Figure 2b are turned on. When Relays 01 and 02 are turned on, the single-phase grid system and AC-DC full bridge converter are connected. In addition, Relay 07 is turned on to connect the DC-DC buck converter and the battery. In this topology, the active power is delivered from the grid to the vehicle for charging the battery, and in the opposite direction to supply stored energy in the battery to the grid. Moreover, it is possible to compensate the reactive power, which occurs through the residential load. Compared with a conventional reactive power compensation method, the utilization of the apparent power can be more efficiently improved when located near a residential load. In addition, this method can reduce the maintenance and installation cost used for conventional reactive power compensation because additional facilities are not required. Figure 3 shows block diagrams of the proposed control methods for the battery charging and compensation of the reactive power. To control the active and reactive powers independently, the grid voltage and current should be expressed in a stationary reference frame. The d-axis voltage and current are equal to the grid voltage Egrid and inductor current iL, respectively. Furthermore, the qaxis voltage and current, which occur using an all-pass filter (APF), are 90-degree delayed signals compared with the d-axis voltage and current. The APF is a signal processing filter that passes all frequencies without changes in magnitude but produces 90-degree phase delay as shown in Figure  4 . In this paper, the digital APF is applied using the bilinear transformation method. The transfer In this topology, the active power is delivered from the grid to the vehicle for charging the battery, and in the opposite direction to supply stored energy in the battery to the grid. Moreover, it is possible to compensate the reactive power, which occurs through the residential load. Compared with a conventional reactive power compensation method, the utilization of the apparent power can be more efficiently improved when located near a residential load. In addition, this method can reduce the maintenance and installation cost used for conventional reactive power compensation because additional facilities are not required. Figure 3 shows block diagrams of the proposed control methods for the battery charging and compensation of the reactive power. To control the active and reactive powers independently, the grid voltage and current should be expressed in a stationary reference frame. The d-axis voltage and current are equal to the grid voltage E grid and inductor current i L , respectively. Furthermore, the q-axis voltage and current, which occur using an all-pass filter (APF), are 90-degree delayed signals compared with the d-axis voltage and current. The APF is a signal processing filter that passes all frequencies without changes in magnitude but produces 90-degree phase delay as shown in Figure 4 . In this paper, the digital APF is applied using the bilinear transformation method. The transfer functions of an APF on a complex plane and a digital APF using the bilinear transformation method are expressed through the following equations:
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functions of an APF on a complex plane and a digital APF using the bilinear transformation method are expressed through the following equations: functions of an APF on a complex plane and a digital APF using the bilinear transformation method are expressed through the following equations: Figure 3a shows a control block diagram for an AC-DC full bridge converter. The active and reactive power calculator operates using the measured signals v ds and i ds , and the estimated signals v qs and i qs . The equations of the active and reactive power calculations are expressed as follows:
Control Scheme for AC-DC Full Bridge Converter
The calculated active and reactive powers P and Q pass through the digital low-pass filter (LPF) as input signals of the active and reactive power controllers, which are composed of a proportional and integral (PI) controller. In an active power controller, the filtered power P LPF is compared with the active power command P cmd . In this case, P cmd can be changed depending on the state of the grid or the demand of the user. The difference between the calculated P LPF value and the command P cmd is used as an input signal for the active power controller. Similarly, the difference between the filtered power Q LPF and the reactive power command Q cmd is an input signal for the reactive power controller to compensate the reactive power that occurs from the residential inductive load. Contrary to the active power command, reactive power command Q cmd is only changed depending on the circumstances of the grid.
The In this paper, the phase angle of the grid ωt is estimated using a synchronous reference frame phase-locked loop (SRF-PLL) [24] . The calculation of i * L is expressed through the following equations:
As shown in Equation (5), the power factor (PF) angle θ is expressed using P ref and Q ref , which are concluded by the user and grid command. Here, I L indicates the root-mean square (RMS) value of the reference current for the battery charging and reactive power compensation. It is calculated using the output of the voltage controller P ref , the maximum magnitude of grid voltage E grid , and PF angle θ. As a result, the reference signal of inner loop i * L is expressed using the RMS value I L and the subtraction between the phase angle of the grid voltage ωt and PF angle θ, which is expressed in Equation (7).
The grid current controller is composed of a non-ideal proportional resonant (PR) controller. The controller generates a duty ratio d AC−DC , as shown in the following equation:
where K P and K R are the proportional and resonance gain, respectively. In addition, ω c is the cut-off frequency, and ω is the resonance frequency. The ideal PR controller is vulnerable to variations in the selected frequency owing to the infinite gain and narrow frequency bandwidth characteristics for the selected frequency. In contrast, the non-ideal PR controller has more robust characteristics regarding the variation in the selected frequency than the ideal-PR controller [25] . The AC-DC full bridge converter conducts its switching operation using the output from the non-ideal PR controller. Consequently, a unipolar modulation is applied to the switching method of the AC-DC full bridge converter, and, therefore, the output voltage has three levels: −V DC , 0, and V DC . In the block diagrams shown herein, the function G(s) indicates the load of each controller. Figure 3b shows a block diagram for operation of the DC-DC buck converter. The battery reference current i * bt is calculated by amplifying the error between the reference DC-link voltage V * DC_new and instantaneous DC-link voltage V DC . This controller does not compete against the voltage controller used in the block diagram of the AC-DC full bridge converter but helps it achieve an input-output power balance. The battery current controller, which is composed of a PI controller, creates the duty d DC−DC based on the following equation:
Control Scheme for DC-DC Converter
where K bt_P is the proportional gain, and K bt_I is the integral gain. All controllers used in the system are equipped with an anti-windup to prevent accumulation of the integrator.
DC Offset Compensation Method
In general, some of the reasons which cause a DC offset include scaling errors of the voltage and current measurement, an undesirable dead time applied in the power conversion devices, and the performance difference between full bridge converter switches. When the grid current or voltage contains the DC offset component, the DC offset component is presented as a ripple component in the rotating coordinate frame. If the input signal contains the ripple component without filtering, the control performance deteriorates. Moreover, various problems occur in the system, such as overheating, deteriorating the efficiency and shortening the battery lifespan.
In this section, a DC offset compensation method is proposed for a vehicular battery charger. The proposed method improves the battery charging performance by eliminating the DC offset component using a digital control without an additional passive element or sensor.
As shown in Figure 5a , the grid current with a DC offset is expressed using the sum of the fundamental wave component i grid_fundamental and DC offset component I grid_offset expressed through the following equation:
i grid = i grid_ f undamental + I grid_o f f set (10) Electronics 2018, 7, x FOR PEER REVIEW 7 of 18 regarding the variation in the selected frequency than the ideal-PR controller [25] . The AC-DC full bridge converter conducts its switching operation using the output from the non-ideal PR controller. Consequently, a unipolar modulation is applied to the switching method of the AC-DC full bridge converter, and, therefore, the output voltage has three levels: −VDC, 0, and VDC. In the block diagrams shown herein, the function G(s) indicates the load of each controller. Figure 3b shows a block diagram for operation of the DC-DC buck converter. The battery reference current i * bt is calculated by amplifying the error between the reference DC-link voltage V * DC_new and instantaneous DC-link voltage VDC. This controller does not compete against the voltage controller used in the block diagram of the AC-DC full bridge converter but helps it achieve an inputoutput power balance. The battery current controller, which is composed of a PI controller, creates the duty dDC−DC based on the following equation:
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where Kbt_P is the proportional gain, and Kbt_I is the integral gain. All controllers used in the system are equipped with an anti-windup to prevent accumulation of the integrator.
DC Offset Compensation Method
As shown in Figure 5a , the grid current with a DC offset is expressed using the sum of the fundamental wave component igrid_fundamental and DC offset component Igrid_offset expressed through the following equation: Through the coordinate transformation, the grid current is expressed as the value on the d-q axis of the rotating coordinate frame, as shown in the following equations:
i qe = i qe_ f undamental + I qe_o f f set (12) where i de_fundamental and i qe_fundamental are the DC values indicating the waveform of the fundamental to control, i de_offset and i qe_offset are the AC values which are compensated by using the proposed method.
In the above equations, the AC components have the same frequency as the grid current, as shown in Figure 5b . Figure 6 shows a block diagram including the DC offset controller and the fundamental wave controller. As shown in the block diagram, each controller is composed of a PI controller. The grid current containing DC offset i grid is converted into variable i dqe in the rotating coordinate frame using the APF and a coordinate transformation. Comparing the value between the reference current i * dqe and real current on the d-q axis, i dqe is utilized as the input of the fundamental wave controller. The controller generates the reference voltage v * dqe to operate the OBC. The reference voltage for the rotating reference frame v * dqe is converted for the stationary reference frame to be used as the input of the inverter.
Moreover, it is possible to detect the AC component having the same frequency as the grid current on the rotating reference frame, using the difference between the actual d-q axis current i dqe and the reference current i * dqe , as shown in the following equations:
In Equations (13) and (14), the AC component i dqe_offset , which indicates the difference between i * de and i de , and i * qe and i qe , is converted into a DC variable for the stationary reference frame through an inverse transformation. The differences between i dqs_offset and i * dqs_offset are used as the inputs of the DC offset controller. The DC offset controller generates reference voltages v * dqs_offset to compensate the DC offset contained in the grid current. Consequently, the sum of the voltages V * dqs and V * dqs_offset is compared with the triangular waveform to ensure that the inverter operates stably even though the DC offset is included in the grid current i * grid .
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Through the coordinate transformation, the grid current is expressed as the value on the d-q axis of the rotating coordinate frame, as shown in the following equations:
where ide_fundamental and iqe_fundamental are the DC values indicating the waveform of the fundamental to control, ide_offset and iqe_offset are the AC values which are compensated by using the proposed method. In the above equations, the AC components have the same frequency as the grid current, as shown in Figure 5b . Figure 6 shows a block diagram including the DC offset controller and the fundamental wave controller. As shown in the block diagram, each controller is composed of a PI controller. The grid current containing DC offset igrid is converted into variable idqe in the rotating coordinate frame using the APF and a coordinate transformation. Comparing the value between the reference current i * dqe and real current on the d-q axis, idqe is utilized as the input of the fundamental wave controller. The controller generates the reference voltage v * dqe to operate the OBC. The reference voltage for the rotating reference frame v * dqe is converted for the stationary reference frame to be used as the input of the inverter.
Moreover, it is possible to detect the AC component having the same frequency as the grid current on the rotating reference frame, using the difference between the actual d-q axis current idqe and the reference current i * dqe, as shown in the following equations: 
In Equations (13) and (14), the AC component idqe_offset, which indicates the difference between i * de and ide, and i * qe and iqe, is converted into a DC variable for the stationary reference frame through an inverse transformation. The differences between idqs_offset and i * dqs_offset are used as the inputs of the DC offset controller. The DC offset controller generates reference voltages v * dqs_offset to compensate the DC offset contained in the grid current. Consequently, the sum of the voltages V * dqs and V * dqs_offset is compared with the triangular waveform to ensure that the inverter operates stably even though the DC offset is included in the grid current i * grid. 
Lower-Order Harmonics Compensation Method
In the single-phase grid system, the characteristics of the system and the utilization of the dead time cause lower-order harmonics in the grid current. The lower-order harmonics in grid current result in aggravated power quality and increased heating in the equipment and conductors.
To compensate these lower order harmonic currents, many of the researches have been actively conducted [26, 27] . In Reference [26] the design method of the hybrid power filter is proposed. However, the methodology requires additional components, and the designed filter requires independent passive filters for each low-order harmonics. The adaptive dead-time compensation method is proposed in Reference [27] . The compensation algorithm takes a short computational period. However, it is not applicable to a d-q PI controller and requires a complex reference model. Figure 7 shows a block diagram of the lower-order harmonics compensation method. In this block diagram, a third-order harmonics current is compensated using a non-ideal PR controller. The third-order harmonic is very close to the fundamental component. Therefore, the PR controller is suitable for eliminating the third-order harmonic because of its narrow frequency bandwidth. However, the ideal PR controller has infinite gain and an excessive narrow frequency bandwidth for the selected frequency, therefore, its robustness for frequency variation is poor. The non-ideal PR controller is put forward to improve its bandwidth because it has finite gain and a wider bandwidth compared to the ideal PR controller. Consequently, it is possible to eliminate the third-order harmonic near the fundamental wave without affecting the control of the fundamental frequency. The non-ideal PR controller equation for compensation of the third-order harmonic is derived as Equation (15) .
where i * ds_3rd is the reference current of the PR controller, K P_3rd is the proportional gain, K R_3rd is the resonance gain, ω c is the cut-off frequency, and hω is the product of the order of the harmonics to compensate and the resonance frequency. In the single-phase grid system, the characteristics of the system and the utilization of the dead time cause lower-order harmonics in the grid current. The lower-order harmonics in grid current result in aggravated power quality and increased heating in the equipment and conductors.
where i * ds_3rd is the reference current of the PR controller, KP_3rd is the proportional gain, KR_3rd is the resonance gain, ωc is the cut-off frequency, and hω is the product of the order of the harmonics to compensate and the resonance frequency. The fifth-and seventh-order harmonics currents are compensated using the LPF and PI controllers. Using the grid phase angle calculated from the SRF-PLL, each harmonic current is transformed into a DC value including the AC component in the d-q axis rotating coordinate frame, as shown in the following equations: The fifth-and seventh-order harmonics currents are compensated using the LPF and PI controllers. Using the grid phase angle calculated from the SRF-PLL, each harmonic current is transformed into a DC value including the AC component in the d-q axis rotating coordinate frame, as shown in the following equations: i de_5th = I de_5th_DC + i de_5th_AC i qe_5th = I qe_5th_DC + i qe_5th_AC (16) i de_7th = I de_7th_DC + i de_7th_AC i qe_7th = I qe_7th_DC + i qe_7th_AC (17) In Equations (16) and (17), only the DC components are extracted from each current component expressed in the d-q axis coordinate frame using the LPF. The filtered value and the harmonic reference current are used as inputs of each order harmonic controller. Consequently, the output of the controller is added to the fundamental reference voltage after an inverse coordinate transform, reducing the lower-order harmonics in the grid current.
Simulation and Experimental Analysis
Simulation Results
To verify the effective operation of the proposed OBC design and control method, the proposed method was first tested using Powersim, which is a power electronics simulation tool. Considering the resistance existing in the side line of the grid, a small amount of resistance was applied. In the proposed topology shown in Figure 2b , the side inductor of the grid acts as a filter to improve the total harmonic distortion (THD) of the current. Thus, the filter inductor is set at 1.5 mH taking into consideration certain facts, such as the switching frequency. Moreover, the DC-link capacitor is set at 1000 µF taking into consideration the overall system volume and second-order ripple of the DC-link current. The filter inductor for the operation of the DC-DC buck converter L HSG is composed of HSG windings. As a result, the filter inductor of the DC-DC converter is set to approximately 0.9075 mH owing to the HSG windings, which are connected in series and in parallel. The battery capacitor is set at 610 µF similar to the set up used in the DC-link capacitor. In the PSIM software, it is impossible to simulate a battery. Because a battery acts as a load in the simulations conducted, the load side resistance was set at 20 Ω based on the rating of the OBC. The grid voltage used was 220 V rms and varied at 60 Hz. The switching frequency and sampling time were selected as 10 kHz and 100 µs, respectively. The DC-link voltage was controlled at 400 V when considering the system efficiency. The detailed simulation parameters are given in Table 4 . Figure 8 shows the simulation results of the active and reactive power flow control method when the referenced active and reactive powers are changed. To confirm that the referenced active and reactive powers are controlled independently, each of the transient states is shown at 0.5 and 0.8 s, respectively. The grid side current is changed owing to the variation in active or reactive power. The variation in active power mainly affects the magnitude of the current, and, thus, the grid side current increases or decreases based on the variation in the active power. In contrast, the variation in reactive power affects the PF of the grid side current. When the reactive power generated is approximately 3 kVAR, it can be confirmed that the PF is the leading factor.
However, the reactive power is generated at approximately −3 kVAR, and the PF changes from a leading to a lagging factor. Apart from the fluctuation of the active and reactive powers, the DC-link voltage maintains a constant value depending on the reference of the DC-DC side voltage controller, except for the second-order ripple. A battery current only fluctuates when the referenced active power is changed. As the referenced active power is increased, the battery current increases along with the grid side current. Thus, the fluctuation of the referenced active power influences not only the magnitude of the grid side current but also the magnitude of the battery current. Figure 9 shows the simulation results of the DC offset compensation method. Before the proposed method is applied, a DC offset of approximately 8 A occurs in the grid current. The ripple of the DC-link voltage varies from approximately 364.1 to 434.9 V. Moreover, the offset currents in the rotational coordinate frame d-q axis vary from approximately 10 to −15 A. After the proposed method is applied at 0.4 s, it is possible to observe that the DC offset is eliminated in the grid current. Moreover, the ripple of the DC-link voltage is decreased by approximately 10 V, and, thus, the variation in the DC-link voltage is from 374.9 to 425.3 V. In addition, the variation in the offset currents in the rotational coordinate frame d-q axis is approximately 2 to −6 A. Figure 10 shows the simulation results without the lower-order harmonics compensation method. If the proposed method is not applied, the THD of the grid current is approximately 8.14%, which is not suitable for the limits of the THD specified by IEC61000, the international standard for an input current. Moreover, the fast Fourier transform (FFT) analysis results indicate that the grid current includes lower-order current harmonics. However, the reactive power is generated at approximately −3 kVAR, and the PF changes from a leading to a lagging factor. Apart from the fluctuation of the active and reactive powers, the DClink voltage maintains a constant value depending on the reference of the DC-DC side voltage controller, except for the second-order ripple. A battery current only fluctuates when the referenced active power is changed. As the referenced active power is increased, the battery current increases along with the grid side current. Thus, the fluctuation of the referenced active power influences not only the magnitude of the grid side current but also the magnitude of the battery current. Figure 9 shows the simulation results of the DC offset compensation method. Before the proposed method is applied, a DC offset of approximately 8 A occurs in the grid current. The ripple of the DC-link voltage varies from approximately 364.1 to 434.9 V. Moreover, the offset currents in the rotational coordinate frame d-q axis vary from approximately 10 to −15 A. After the proposed method is applied at 0.4 s, it is possible to observe that the DC offset is eliminated in the grid current. Moreover, the ripple of the DC-link voltage is decreased by approximately 10 V, and, thus, the variation in the DC-link voltage is from 374.9 to 425.3 V. In addition, the variation in the offset currents in the rotational coordinate frame d-q axis is approximately 2 to −6 A. Figure 10 shows the simulation results without the lower-order harmonics compensation method. If the proposed method is not applied, the THD of the grid current is approximately 8.14%, which is not suitable for the limits of the THD specified by IEC61000, the international standard for an input current. Moreover, the fast Fourier transform (FFT) analysis results indicate that the grid current includes lower-order current harmonics. Figure 11 shows the simulation results when applying the lower-order harmonics compensation method. Compared with the case in which the controller is not operated, it is possible to observe that the waveform of the grid side current is improved. The THD of the current is improved by up to 3.63%. Moreover, it is possible to confirm that the lower-order current harmonics are significantly reduced based on the FFT analysis results. Figure 11 shows the simulation results when applying the lower-order harmonics compensation method. Compared with the case in which the controller is not operated, it is possible to observe that the waveform of the grid side current is improved. The THD of the current is improved by up to 3.63%. Moreover, it is possible to confirm that the lower-order current harmonics are significantly reduced based on the FFT analysis results. Figure 11 shows the simulation results when applying the lower-order harmonics compensation method. Compared with the case in which the controller is not operated, it is possible to observe that the waveform of the grid side current is improved. The THD of the current is improved by up to 3.63%. Moreover, it is possible to confirm that the lower-order current harmonics are significantly reduced based on the FFT analysis results. Figure 12 shows the practical experimental set construction. The prototype bidirectional OBC consists of a relay board, and control board, etc. The control board consists of a digital signal processor (DSP) TMS320F28335 and other peripherals. Among the motor/generator set, we only use the winding of the HSG operating as a filter inductor of the DC-DC converter. The parameters of the experiment are the same as those of the simulation, as indicated in Table 4 . Figure 12 . Construction of the experiment hardware set. Figure 13 shows the experimental results of the active and reactive power flow control method. The DC-link voltage is controlled at 400 V, similar to the simulation. As shown in Figure 13a , the reactive power controller produces fast response following the step change of its command. When the reactive power output is 3 kVAR, the grid current shows a leading PF compared with the grid voltage, as shown in Figure 13b . The PF of the grid side current is 0.432, i.e., leading, because the active power is controlled at approximately 6.5 kW. As shown in Figure 13c , the reactive power controller generates −3 kVAR of reactive power. In this case, the PF is 0.432, i.e., lagging, with the active power, which is controlled at 6.5 kW. Figure 12 shows the practical experimental set construction. The prototype bidirectional OBC consists of a relay board, and control board, etc. The control board consists of a digital signal processor (DSP) TMS320F28335 and other peripherals. Among the motor/generator set, we only use the winding of the HSG operating as a filter inductor of the DC-DC converter. The parameters of the experiment are the same as those of the simulation, as indicated in Table 4 .
Experimental Results
Electronics 2018, 7, x FOR PEER REVIEW 13 of 18 Figure 11 . Simulation results when applying lower-order harmonics compensation method. Figure 12 shows the practical experimental set construction. The prototype bidirectional OBC consists of a relay board, and control board, etc. The control board consists of a digital signal processor (DSP) TMS320F28335 and other peripherals. Among the motor/generator set, we only use the winding of the HSG operating as a filter inductor of the DC-DC converter. The parameters of the experiment are the same as those of the simulation, as indicated in Table 4 . Figure 12 . Construction of the experiment hardware set. Figure 13 shows the experimental results of the active and reactive power flow control method. The DC-link voltage is controlled at 400 V, similar to the simulation. As shown in Figure 13a , the reactive power controller produces fast response following the step change of its command. When the reactive power output is 3 kVAR, the grid current shows a leading PF compared with the grid voltage, as shown in Figure 13b . The PF of the grid side current is 0.432, i.e., leading, because the active power is controlled at approximately 6.5 kW. As shown in Figure 13c , the reactive power controller generates −3 kVAR of reactive power. In this case, the PF is 0.432, i.e., lagging, with the active power, which is controlled at 6.5 kW. Figure 13 shows the experimental results of the active and reactive power flow control method. The DC-link voltage is controlled at 400 V, similar to the simulation. As shown in Figure 13a , the reactive power controller produces fast response following the step change of its command. When the reactive power output is 3 kVAR, the grid current shows a leading PF compared with the grid voltage, as shown in Figure 13b . The PF of the grid side current is 0.432, i.e., leading, because the active power is controlled at approximately 6.5 kW. As shown in Figure 13c , the reactive power controller generates −3 kVAR of reactive power. In this case, the PF is 0.432, i.e., lagging, with the active power, which is controlled at 6.5 kW. Figure 14 shows the experimental waveforms of the grid side and battery current depending on the increasing of the active power. In this experiment, the active power varies from 3.5 to 6.5 kW as shown in Figure 14a . In contrast, the reactive power is controlled as 0 kVAR. When the controlled active power is 3.5 kW, the magnitude of the grid current is about 35.6 A and the average value of the battery current is approximately 13.2 A as shown in Figure 14b . When the active power is changed to 6.5 kW, the grid side and battery current are increased, as shown in Figure 14c . In this case, the magnitude of the grid current is about 49.5 A and the average value of the battery current is approximately 18.0 A. Because the reactive power is controlled at 0 kVAR, the grid side current shows the unit PF. Figure 15 shows the experimental results of the DC offset compensation method. In order to confirm the performance of the compensation method clearly, the DC offset current is injected intentionally as shown in the left side of Figure 15a . Since the grid current includes severe DC offset component, which is approximately 6A, the DC-link voltage is fluctuated from 377 to 423 V. In addition, the fluctuation of the DC-link voltage causes the distortion of the grid current as shown in Figure 15b . The proposed compensation method is applied at the middle of the time scale and the DC offset component in the grid current is eliminated as shown in Figure 15c . In addition, the fluctuation of the DC-link voltage is reduced from 382 to 418 V and the grid current is produced as sinusoidal waveform. Figure 16 shows the experimental results of the lower-order harmonics compensation method. As shown in Figure 16a , the FFT analysis result shows that the grid current contains lower-order harmonics current especially 3rd, 5th, and 7th harmonics. Therefore, the grid side current waveform is distorted by the harmonics. When the proposed compensation method is applied, the FFT analysis result shows that the harmonic currents are eliminated as shown in Figure 16b . In addition, the quality of the grid current is improved by eliminating the harmonic components.
Electronics 2018, 7, x FOR PEER REVIEW 14 of 18 Figure 14 shows the experimental waveforms of the grid side and battery current depending on the increasing of the active power. In this experiment, the active power varies from 3.5 to 6.5 kW as shown in Figure 14a . In contrast, the reactive power is controlled as 0 kVAR. When the controlled active power is 3.5 kW, the magnitude of the grid current is about 35.6 A and the average value of the battery current is approximately 13.2 A as shown in Figure 14b . When the active power is changed to 6.5 kW, the grid side and battery current are increased, as shown in Figure 14c . In this case, the magnitude of the grid current is about 49.5 A and the average value of the battery current is approximately 18.0 A. Because the reactive power is controlled at 0 kVAR, the grid side current shows the unit PF. Figure 15 shows the experimental results of the DC offset compensation method. In order to confirm the performance of the compensation method clearly, the DC offset current is injected intentionally as shown in the left side of Figure 15a . Since the grid current includes severe DC offset component, which is approximately 6A, the DC-link voltage is fluctuated from 377 to 423 V. In addition, the fluctuation of the DC-link voltage causes the distortion of the grid current as shown in Figure 15b . The proposed compensation method is applied at the middle of the time scale and the DC offset component in the grid current is eliminated as shown in Figure 15c . In addition, the fluctuation of the DC-link voltage is reduced from 382 to 418 V and the grid current is produced as sinusoidal waveform. Figure 16 shows the experimental results of the lower-order harmonics compensation method. As shown in Figure 16a , the FFT analysis result shows that the grid current contains lower-order harmonics current especially 3rd, 5th, and 7th harmonics. Therefore, the grid side current waveform is distorted by the harmonics. When the proposed compensation method is applied, the FFT analysis result shows that the harmonic currents are eliminated as shown in Figure 16b . In addition, the quality of the grid current is improved by eliminating the harmonic components. 
Conclusions
This paper proposed the design and control method of a single-phase bidirectional OBC using an HSG and an inverter in an HEV. The proposed circuit for HSG operation in an HEV acts as an integrated charging system through the circuit reconfiguration based on the relay states. Therefore, the number of power converters is effectively reduced through the replacement of a conventional OBC, thereby increasing the power density. Moreover, the proposed control method allows for both battery charging and reactive power compensation depending on the user command. In addition, some controllers are added to operate a single-phase bidirectional OBC in a stable manner. The PSIM simulation and experimental results are used to verify the design and control method of the proposed single-phase bidirectional OBC.
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